Obstructive sleep apnea (OSA) increases cardiovascular morbidity and mortality, which have been attributed to intermittent hypoxia (IH). The effects of IH on lung structure and function are unknown. We used a mouse model of chronic IH, which mimics the O2 profile in patients with OSA. We exposed adult C57BL/6J mice to 3 mo of IH with a fraction of inspired oxygen (FIO 2 ) nadir of 5% 60 times/h during the 12-h light phase. Control mice were exposed to room air. Lung volumes were measured by quasistatic pressure-volume (PV) curves under anesthesia and by water displacement postmortem. Lungs were processed for morphometry, and the mean airspace chord length (Lm) and alveolar surface area were determined. Lung tissue was stained for markers of proliferation (proliferating cell nuclear antigen), apoptosis (terminal deoxynucleotidyl transferase dUTP nick-end labeling), and type II alveolar epithelial cells (surfactant protein C). Gene microarrays were performed, and results were validated by real-time PCR. IH increased lung volumes by both PV curves (air vs. IH, 1.16 vs. 1.44 ml, P Ͻ 0.0001) and water displacement (P Ͻ 0.01) without changes in Lm, suggesting that IH increased the alveolar surface area. IH induced a 60% increase in cellular proliferation, but the number of proliferating type II alveolocytes tripled. There was no increase in apoptosis. IH upregulated pathways of cellular movement and cellular growth and development, including key developmental genes vascular endothelial growth factor A and platelet-derived growth factor B. We conclude that IH increases alveolar surface area by stimulating lung growth in adult mice. murine model; lung function; lung morphometry; microarray OBSTRUCTIVE SLEEP APNEA (OSA) affects ϳ4% of men and 2% of women in the US, but prevalence may exceed 50% in the obese population (4, 38, 61) . OSA is independently associated with increased cardiovascular morbidity and mortality (37, 60). OSA causes chronic intermittent hypoxia (IH) during sleep. IH has been implicated in the pathogenesis of complications of OSA by inducing dysfunction of central nervous, cardiovascular, endocrine, gastrointestinal, immune, and reproductive systems (7, 15, 17, 23, 24, 29, 33, 35, 38, 41, 42, 47, 54) . Compared with other organs, lungs are exposed to extreme fluctuations in oxygen concentrations during IH. Nevertheless, although effects of OSA and IH on pulmonary vasculature have been studied (11, 40) , the effects of IH on lung structure and function are unknown.
OBSTRUCTIVE SLEEP APNEA (OSA) affects ϳ4% of men and 2% of women in the US, but prevalence may exceed 50% in the obese population (4, 38, 61) . OSA is independently associated with increased cardiovascular morbidity and mortality (37, 60) . OSA causes chronic intermittent hypoxia (IH) during sleep. IH has been implicated in the pathogenesis of complications of OSA by inducing dysfunction of central nervous, cardiovascular, endocrine, gastrointestinal, immune, and reproductive systems (7, 15, 17, 23, 24, 29, 33, 35, 38, 41, 42, 47, 54) . Compared with other organs, lungs are exposed to extreme fluctuations in oxygen concentrations during IH. Nevertheless, although effects of OSA and IH on pulmonary vasculature have been studied (11, 40) , the effects of IH on lung structure and function are unknown.
There is a wide body of literature on sustained hypoxia, particularly in the context of high-altitude research, but only a few studies have analyzed the direct effect of sustained hypoxia on lung tissues (1, 55) . Alveolar epithelial cells and microvascular endothelial cells are highly sensitive to hypoxia (45) . They exhibit a rapid and sustained adaptive response, including activation of key transcription factors and signaling molecules. However, IH results in different physiological and molecular changes compared with sustained hypoxia (36, 39, 59) .
In this study, we assessed the effects of IH on lung structure and function. We used adult mice to better model conditions resembling OSA, which is more prevalent in older adults (61) . We exposed animals to IH for 3 mo, quantified changes in lung structure, and analyzed the gene expression profile in the lung parenchyma.
MATERIALS AND METHODS

Animals.
In total, sixty-five 5-to 6-mo-old male lean C57BL/6J mice purchased from The Jackson Laboratory (Bar Harbor, ME) were used in the study. Five animals died during IH because of a technical malfunction of the IH system and were excluded from the analysis. Thirty-eight animals were used for physiological, biochemical, and morphometric measurements. Ten animals were used solely for obtaining microarray data. Twelve mice were used for assessing the effects of weight loss through IH, which were observed in the initial experiment. The study was approved by the Johns Hopkins University Animal Care and Use Committee and complied with National Institutes of Health guidelines (Guide for the Care and Use of Laboratory Animals).
Experimental design. An automatic gas control delivery system (HyCon 0520) was designed to regulate the flow of room air, nitrogen, and oxygen into customized cages housing the mice, similar to our previously described system (34) . A maximum of five mice were housed continuously in a single customized cage (dimensions 27 ϫ 17 ϫ 17 cm) with constant access to food and water. During each period of IH, the fractional inhaled O 2 was reduced from 20.9 to 5% over a 30-s period and then reoxygenated to room air levels in the subsequent 30-s period, resulting in 60 hypoxic events per hour (Fig.  1) . We have determined previously that an average arterial partial pressure of O 2 over a hypoxic cycle was 51.7 Ϯ 4.2 mmHg (41). Thus, our murine model mimicked IH of severe OSA. During the 3-mo experiment, the IH mice were exposed only during the 12-h light phase (lights on at 0900), alternating with 12 h of constant room air during the dark phase. Control mice had continuous exposure to room air.
Pulmonary function testing. Pulmonary function testing was performed in 20 mice (10 mice/group), as described previously (3, 48) . Briefly, each mouse was anesthetized with ketamine-xylazine intraperitoneally at a dose of 75/15 mg/kg body wt. After anesthesia, a tracheostomy was performed, and the lungs were connected to a ventilator. To measure dynamic resistance and elastance, animals were ventilated in the supine position with a tidal volume of 0.2 ml of 100% oxygen at a rate of 150 breaths/min, with a positive endexpiratory pressure of 3 cmH 2O. After 5-10 min, a sinusoidal oscillation at 2.5 Hz was applied to determine dynamic resistance and elastance (3) . Following this procedure the lungs were sealed off with a stopcock for 4 min. This led to complete degassing of the lungs by absorption atelectasis and cessation of cardiac activity. Quasistatic pressure-volume curves were performed as reported previously ( Fig. 2 ) (48), and lung volume at full inflation (defined as the volume at 35 cmH 2O) was recorded. Residual volume was the volume at Ϫ10 cmH2O. Functional residual capacity (FRC) was the volume at 0 cmH2O. The specific compliance (Csp) was calculated from the static compliance (Cst; slope of deflation limb from 3-8 cmH2O) and FRC (Csp ϭ Cst/FRC). In one mouse from the control group, there was a leak in the ventilator circuit, resulting in erroneous values. This mouse was excluded from the experiment.
Sample collection. After pulmonary function testing, retroorbital blood was drawn with a capillary tube to assess the hematocrit. Animals were exsanguinated. The epididymal fat was surgically removed and weighed. The right bronchus was clamped and the left lung inflated with warmed (50°C) 1% low-melt agarose at a pressure of 25 cmH 2O. Pressure was maintained until the agarose began to gel substantially (12) . The lungs were then sealed with a stopcock. The agarose in the excised left lung was allowed to harden on ice for 15 min. After the inflated total left lung volume (V; airspace plus tissue) was measured by water displacement, the lung was fixed for histological examination by immersion in buffered 10% formalin for Ն24 h. Right lung tissue was frozen in liquid nitrogen and kept at Ϫ80°C for further analysis. The heart was surgically removed. The right ventricle was separated from the left ventricle, and both were weighed.
Histology. The left lung was dehydrated in ethanol and embedded in paraffin. For morphometry, 5-m-thick sections were cut from transverse blocks and stained with hematoxylin and eosin. Images were acquired using a Nikon Eclipse 80i microscope at ϫ40 magnification. The entire sections were photographed, and a systematic random sampling was done to yield ϳ25 fields/section. Mean airspace chord length (Lm) was measured with sampling grid lines using Nikon NIS-Elements AR 3.00 software. Overall, this technique resulted in the measurement of ϳ14,000 chords/mouse, which were averaged to obtain the Lm of each animal. Alveolar surface area (SA) was estimated as described previously (56) from the Lm and lung volume (SA ϭ 4 V/Lm). The alveolar surface area calculations are based on robust stereological measurements (6, 57) . The volumes used for this calculation were those of the agarose-filled left lung.
Proliferating cell nuclear antigen (PCNA) staining was performed in lung sections to detect proliferation using PCNA (PC10) Mouse mAb (catalog no. 2586) from Cell Signaling Technology (Danvers, MA). 4,6=-Diamidino-2-phenylindole (DAPI) staining was used for labeling cell nuclei. To determine the percentage of proliferating cells, all cells on one section (excluding cells from arteries, veins, and bronchioles) were counted under fluorescence microscopy at an excitation wavelength of 330 -380 nm. Results are expressed as percentage of PCNA-positive cells/total cells. Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining was performed in lung sections using FragEL DNA Fragmentation Kit (product no. QIA39) from EMD Chemicals (Gibbstown, NJ). Positive and negative controls were generated according to the manufacturer's protocol. For identification of alveolar epithelial type II cells (AEC), surfactant protein C (SPC) staining was performed using Anti-Prosurfactant Protein C (catalog no. AB3786) from Millipore (Billerica, MA). The percentage of type II AEC among all cells was determined in a randomly chosen view field (200ϫ). Proliferating type II AEC were identified by PCNA(ϩ)SPC(ϩ) staining in the whole lung section. Masson trichrome staining was performed to assess collagen.
The degree of muscularization of small pulmonary arteries was assessed by double staining of lung sections for ␣-smooth muscle actin (F3777; Sigma, St. Louis, MO) and von Willebrand factor (A0082; Dako). Sections were counterstained with DAPI for labeling cell nuclei. At ϫ400 magnification, a total of 30 -40 pulmonary arteries/mouse (external diameter 20 -90 m) were analyzed in a blinded fashion. Percent media wall thickness was determined by the formula (2 ϫ media thickness)/external diameter ϫ 100, and the shortest external diameter was measured to allow for vessels not being perfectly symmetrical circles (32). Fig. 2 . Representative pressure-volume curves from control mice (red) and IH mice (blue). Quasistatic pressure-volume curves were performed by inflating the lungs to a maximum pressure of 35 cmH2O, which was defined as the lung volume at full inflation (total lung capacity). Residual volume was the volume at Ϫ10 cmH2O. Functional residual capacity was the volume at 0 cmH2O. Gene microarrays. Total RNA was isolated from the lungs and analyzed by gene microarrays using Affymetrix 430A_2.0 gene chips (Santa Clara, CA) in each animal individually. Microarray studies have been performed using standard protocols. Total RNA was isolated from lung tissue using the TRIzol Reagent method (cat. no. 15596-026; Invitrogen, Carlsbad, CA) with subsequent RNEasy clean up (cat. no. 74104; Qiagen, Valencia, CA) (19) . Purified RNA from each sample (5 g) was converted into double-stranded cDNA using SuperScript Choice system (Invitrogen). Each double-stranded cDNA was subsequently used as a template to make biotin-labeled cRNA using the BioArray HighYield RNA Transcript Kit (Enzo Life Science, Farmingdale, NY), and 15 g of fragmented, biotin-labeled murine lung cRNA from each sample was hybridized to the Affymetrix GeneChip Mouse Genome 430A 2.0 Array (MG_430A_2.0; Affymetrix, Santa Clara, CA) at 45°C for 16 h. The arrays were washed and stained in the Affymetrix GeneChip Fluidics Station 450 using the supplier's reagents. Produced fluorescent images were read using the Affymetrix GeneChip Scanner 3000 and converted into GeneChip Cell files (CEL) using the Affymetrix GeneChip Operating Software (version 1.0; Affymetrix), with global normalization of target intensity set to 150. Quality control for generated expression profiles was conducted according to Affymetrix Guideline for Assessing Sample and Array Quality specifications. Gene expression values for 22,626 transcripts on the MG 430A 2.0 Array were calculated using Robust Microarray Analysis (RMA; Bioconductor affy package) (19) . Briefly, the RMA module of this package (18) was used for background correction across array normalization and identification of the probe set fluorescence intensity values. Then gene expression profiles from normoxic and hypoxic lungs were grouped (5 samples in each group) for direct comparison. The normoxic/hypoxic fold change ratio and false discovery rate (q value) were computed with Significance Analysis of Microarrays (SAM 2.0) software (53), using the RMA generated expression matrix as an input.
The microarray sample size determination for class comparisons was calculated as described previously (16) . Identified standard deviations for control lung ( ϭ 0.274) tissues were submitted to the microarray sample size identifying formula with power (1 Ϫ ␤) ϭ 90% and fold change log2 (⌬ ϭ 0.585, numerical 1.5) for n ϭ 5. The power.t.test function of the R2.3.1 program (www.r-project.org) identified false discovery rate for this setting; q ϭ 3.8% (significance level ␣ ϭ 0.038).
The functional analysis that identifies the biological functions that were significantly associated with identified candidate genes was conducted using the Ingenuity Pathways Knowledge Base tool (http:// www.ingenuity.com), as described previously (16). Fischer's exact test was used to calculate a P value determining the probability that each biological function assigned to our candidate genes was due to chance alone. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (10) and are accessible through GEO series accession no. GSE21409 (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE21409).
Real-time PCR. Total RNA was extracted from lung using TRIzol (Invitrogen), and complementary DNA was synthesized using Advantage RT for PCR kit from Clontech (Palo Alto, CA). Real-time reverse transcriptase PCR was performed with primers and probe specific for platelet-derived growth factor B (PDGF-B; forward 5=-TCCCGTC-CCCGTTCCT-3=, reverse 5=-GAAAGCCCCCAAAAAATATA-ATCA-3=, probe 5=-CTGCTTCCTTCAGTTTGT-3=), transforming growth factor-␤2 (TGF-␤2; forward 5=-CACGGTCAAAAGTCTGA-CAATACAT-3=, reverse 5=-ATGGTTCTTTGCCAGTTTAAGCA-3=, probe 5=-TCAAAACAGGTCAACATTT-3=), vascular endothelial growth factor A (VEGF-A; Mm00437304_m1), and 18S (forward 5=-CTCTTTCGAGGCCCTGTAATTG-3=, reverse 5=-AACTGCAG-CAACTTTAATATACGCTATT-3=, probe 5=-AGTCCACTTTA-AATCCTT-3=) from Applied Biosystems (Foster City, CA) and Invitrogen. The mRNA expression levels were normalized to 18S ribosomal RNA concentrations using the standard ⌬⌬CT approach (http://wwww.ambion.com/techlib/basics/rtpcr/index.html), as we have done previously (26, 27) , and then expressed as a ratio of IH to control.
Collagen assay. Collagen levels in lung tissues were determined by SIRCOL collagen assay (Biocolor) according to the manufacturer's instructions. Briefly, right lung lobes were homogenized, and collagen was solubilized in 0.5 M acetic acid. Extracts were incubated with Sirius red dye, and absorbance was determined at 550 nm with a spectrophotometer (Model 680; Bio-Rad, Hercules, CA). The amount of collagen was expressed in micrograms per milligram protein in lung tissue.
Separate series of experiments. In the separate series of experiments, 12 mice were exposed to control conditions only. Half of the mice were fed ad libitum, whereas the other six were food restricted to match the weight profile of the IH group from the initial experiment. Measurement of lung volumes by water displacement and lung morphometry were performed as described above. 
Statistical analyses. All values are reported as means Ϯ SE.
Comparisons of the results between the IH and control groups of mice were performed using unpaired t-test (between groups). A P value of Ͻ0.05 was considered significant. See Gene microarrays above for the statistical analyses of microarrays. Table 1 shows the basic characteristics of mice from the control and IH groups. Mice exposed to IH weighed significantly less than control animals despite being the same age. There was no corresponding decrease in the epididymal fat. There was evidence of mild left and right ventricular hypertrophy when normalized to the body weight. IH also resulted in a moderate but significant increase in the hematocrit.
RESULTS
Pulmonary function testing revealed a significant increase in the total lung capacity (TLC; Figs. 2 and 3A) . The residual volume remained unchanged (Figs. 2 and 3B ). Lung elastance was significantly decreased, but because the lung volumes were increased with IH, the specific compliance was unchanged (Fig. 3, C and D) .
Morphological examination of the lungs showed no difference in Lm between the IH and control groups (Figs. 4A and 5, A and B). IH increased the left lung volume (Fig. 4B) , consistent with the measured increase in the TLC. Given that Lm was unchanged, the increase in the lung volume resulted in a significant increase in the calculated alveolar surface area (Fig.  4C) . Total collagen assay (g/mg lung protein) showed no difference between the IH and control groups (control, 299 Ϯ 13 g/mg; IH, 330 Ϯ 22 g/mg; P ϭ 0.23), which was confirmed by Masson Trichrome staining (Fig. 5, C and D) . PCR for collagen 1␣1 (P ϭ 0.11) and collagen 3␣1 (P ϭ 0.73) further verified these results.
Quantitative analysis of small pulmonary artery remodeling showed a marked increase in percent media wall thickness in the IH group (control, 6.4 Ϯ 0.2%; IH, 12.5 Ϯ 0.9%; P Ͻ 0.01; Fig. 5, E and F) , suggesting the development of pulmonary hypertension.
The increased lung volume and alveolar surface area with IH suggested the possibility of lung growth, prompting us to examine a cell proliferation marker, PCNA. PCNA staining revealed a significant increase in cellular proliferation during IH (Figs. 5, G and H, and 6A) . Moreover, hypoxic mice showed a disproportionally higher percentage of proliferating type II AEC (Fig. 6B) . Of note, type II AEC accounted for a higher percentage among all cells in the IH group (control, 16.3 Ϯ 1.2%; IH, 20.9 Ϯ 1.1%; P Ͻ 0.05). TUNEL staining showed no increase in apoptosis (Figs. 5, I and J, and 6C).
Gene microarrays of lung tissue were performed in a separate subset of mice, as described in MATERIALS AND METHODS (IH, n ϭ 5; control, n ϭ 5). Microarrays showed a significant (1.5 Ͻ fold change Ͻ Ϫ1.5; q value Ͻ3.88) upregulation of 291 genes and downregulation of 87 genes in the IH mice (Supplemental Tables S1 and S2; Supplemental Material for this article can be found on the AJP-Lung Cellular and Molecular Physiology web site). Ingenuity analysis demonstrated a significant association of cellular movement and cellular growth and development pathways with IH ( Fig. 7 and Supplemental Fig. S1 ). Among the upregulated genes there were multiple markers of lung development as well as fibrosis, including VEGF-A, TGF-␤2, PDGF-B, and several isoforms of collagen (9, 31, 50). Gene microarray data were validated by real-time PCR in the main subset of mice, in which lung function and morphology were also examined. PCR confirmed upregulation of VEGF-A, TGF-␤2, and PDGF-B by IH (Fig. 8) .
In the separate set of mice, as expected, liberally fed mice consumed more food and weighed more than food-restricted mice (average food intake 4.23 Ϯ 0.04 vs. 3.10 Ϯ 0.06 g/day, respectively, P Ͻ 0.0001; body weight 33.5 Ϯ 0.9 vs. 28.0 Ϯ 0.6 g, respectively, P Ͻ 0.001). Mice fed ad libitum had a similar body weight as the control mice in the initial experiment (P ϭ 0.23; compare with Table 1 ), and food-restricted mice had a similar body weight as the IH mice (P ϭ 0.12; compare with Table 1 ). Lung volumes by water displacement were not different between either group (fed ad libitum mice, 0.65 Ϯ 0.02 ml vs. food-restricted mice, 0.68 Ϯ 0.01 ml, P ϭ 0.16). The Lm (48.7 Ϯ 1.0 vs. 48.6 Ϯ 1.3 m, respectively, P ϭ 0.94) and the calculated SA (562 Ϯ 11 vs. 536 Ϯ 15 cm 2 , respectively, P ϭ 0.20) showed no differences between either group.
DISCUSSION
The purpose of this study was to examine the effects of IH on lung structure and function. The main novel finding of our work was that IH increased alveolar surface area and proliferation of lung parenchymal cells, especially type II AEC, in adult mice. Our genomic analysis confirmed that pathways for lung development were upregulated. In the following discussion we explore effects of IH on lung structural remodeling and the potential implications of our work.
We have shown that IH increases both the total lung air volume and lung volume fixed for histology. The increased lung volume was not associated with a change in Lm, which resulted in a significant increase in calculated alveolar surface area. There may have been stretching of the existing alveolar walls, leading to more surface at any given pressure. Simple stretching of alveolar walls does not account for all of our observations, since we also found a 60% increase in PCNA staining, a marker of cell proliferation. TUNEL staining showed no difference between both groups, indicating that there is increased proliferation rather than increased turnover of cells in lung parenchyma. Thus, we have shown that IH induces lung growth by activating proliferation of parenchymal cells, especially type II AEC. Type II AEC have many functions in addition to the production of surfactant phospholipids. After exposure to acute hyperoxia, adult rat type II AEC were significantly more migratory compared with those from control rats, suggesting that these cells have an important function for alveolar repair (5) . Our data indicate that IH might activate AEC in a similar fashion.
Effects of sustained hypoxia on lung parenchyma were previously reported. However, the majority of animal studies looking at changes of lung structure due to hypoxia, either intermittent or sustained, have focused primarily on pulmonary arteries and pulmonary hypertension (62). Although we did not measure pulmonary artery pressure, we found evidence of mild right ventricular hypertrophy, which had previously been reported in the mouse model of IH by Fagan (11) . We have also found that IH increased muscularization of small pulmonary arteries, which also suggests that IH caused pulmonary hypertension in mice.
To the best of our knowledge, our study is the first to report that prolonged exposure to IH induces lung growth in adult animals. Although the chronic hypoxic stimulus arrested lung development in neonatal rats (1, 55) , adult rats were not affected (55) . The impact of IH of OSA on lung volumes and function in humans is often difficult to determine because of the confounding effects of obesity.
The effects of sustained hypoxia on lung function were elucidated in denizens of high altitudes. Exposure to high altitude from birth leads to a significantly higher vital capacity compared with newcomers. The extent of the increase depends on the age when acclimatization took place. Lowland natives acclimatized as adults had lower vital capacity than highland natives (8, 14, 58) . It is conceivable that compensatory lung growth in response to hypoxia observed in adult mice is turned off with age in humans. Nevertheless, gene expression analysis in our study suggests putative pathways activated by IH, which might be relevant in humans.
Our gene microarray data identified pathways of lung growth and development as a target of IH, which may account for lung growth during hypoxic exposure. Genes involved in lung development during maturation include VEGF, PDGF, and TGF-␤, which were affected by IH in our study. VEGF is upregulated during the development of capillaries in fetal and newborn rat lungs (28) . Neutralization of VEGF through fetal lung development disrupts normal lung septation and development, leading to bronchopulmonary dysplasia, whereas VEGF receptor blockade results in endothelial cell apoptosis and emphysema (52) . VEGF gene therapy increased lung capillary growth and improved alveolization in experimental bronchopulmonary dysplasia (51) . Both VEGF and VEGF receptor genes are positively regulated by hypoxia through hypoxiainducible factor-1 (HIF-1) (13, 43) . Thus, an increase in VEGF-A during IH may contribute to lung growth.
Lung growth in our model may have also been due to upregulation of PDGF-B. PDGF-B is vital for lung development. PDGF-B knockout is embryonically lethal with retarded lung growth (22, 25) . PDGF-B antisense oligonucleotides inhibit cell proliferation during embryonic rat lung development (49) . PDGF-B in lung parenchyma is also known to be upregulated by hypoxia (2) via HIF-1 (13) . An increase in PDGF-B may work in concert with VEGF-A during IH to promote lung growth. In our study, both PDGF-B and VEGF-A were increased in the mature lung by IH.
Although both described targets are HIF-1 responsive, the increase in expression of HIF-1 itself was not vigorous enough to be called significant using our filtering criteria. The expression of HIF-1␣ subunit demonstrated an upregulating trend with a fold change of 1.3 and significant q value of 0.86.
However, HIF-1␣ is regulated posttranscriptionally by hydroxylase-dependent degradation in the presence of O 2 (44) . Therefore, an increase in expression of HIF-1-dependent genes may indicate that the HIF-1 pathway is activated even in the absence of an increase in HIF-1␣ RNA. The observed increase in hematocrit during IH is also consistent with HIF-1␣ upregulation (44) .
In contrast to VEGF and PDGF, TGF-␤ signaling can inhibit alveolar development, whereas upregulation of the TGF-␤ pathway causes interstitial fibrosis (30, 46, 63) . In the present study, TGF-␤2 mRNA was upregulated by IH, but there was no concomitant increase in collagen deposition or evidence of lung fibrosis. It is conceivable that IH does not augment TGF-␤ signaling despite an increase in gene expression. Thus, IH induces lung growth despite upregulation of TGF-␤2 mRNA.
Our study had several limitations. First, IH induced weight loss. We have described previously that the weight loss occurs during the 1st wk of IH (20, 21, 26) . Our previous publications and present data suggest that this weight loss is attributable to anorectic effects of IH. In the complementary experiment, we have shown that food restriction did not affect lung volume and Lm. In addition, a carefully controlled study by Bishai and Mitzner (3) showed that even severe calorie restriction does not lead to increased lung volume or surface area. Second, it is conceivable that IH attenuated the lung tissue processing shrinkage, resulting in elevated lung volumes, and since we did not quantify the tissue shrinkage with dehydration and paraffin embedding in each group, we cannot rule this out. However, differences in shrinkage could not explain accelerated cellular proliferation and upregulation of developmental pathways in hypoxic animals. Third, type II AEC proliferation was assessed with a single marker, PCNA. Fourth, our study analyzed a single time point. It is conceivable that IH may turn different genes on and off throughout the 3-mo time course. Future studies would be important to elucidate temporal relationships between IH-induced lung growth and the gene expression profile.
Conclusions. In summary, we have shown that IH increases lung volume and alveolar surface area and upregulates genes of lung growth in adult mice. Our work provides a basis for future studies to discover mechanisms by which IH turns on pathways of lung development.
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